1. Introduction {#s0005}
===============

Diffuse gliomas account for over one third of all brain cancers([@bb0185]) and are incurable malignancies, which undergo inevitable progression. While recent advances in molecular phenotyping can help individualise treatment([@bb0020]; [@bb0040]; [@bb0085]), there have been only incremental advances in therapeutic options in the last decade([@bb0240]). Seizures occur in approximately 50--90% of patients with diffuse gliomas over the course of their disease, with seizures more common pre-operatively and in lower grade tumours([@bb0050]; [@bb0115]; [@bb0190]; [@bb0280]). An improved understanding of glioma biology and newer therapeutic options to improve both survival and seizure control are needed for this patient group.

There is building evidence that alterations to glutamate homeostasis in gliomas play an important role in diffuse glioma cell survival and local epileptogenicity([@bb0015]; [@bb0045]; [@bb0180]; [@bb0195]; [@bb0225]; [@bb0270]; [@bb0285]). Increased extra-cellular glutamate causes excitotoxicity to peri-tumoural structures and promotes tumour invasion in pre-clinical studies([@bb0150]; [@bb0210]; [@bb0225]; [@bb0245]; [@bb0270]). Additionally, peritumoural tissue is regarded as the region primarily responsible for epileptogenesis([@bb0165]) and increased glutamate in this tissue has been implicated in the pathobiology of glioma-associated seizures([@bb0015]; [@bb0045]; [@bb0175]; [@bb0285]). Glutamate therefore has the potential to be a biomarker of glioma aggressiveness and epilepsy risk. However, its utility as a biomarker relies upon the ability to accurately quantify it noninvasively.

Although Magnetic Resonance Spectroscopy (MRS) at 3 Tesla (3 T) allows the quantification of several brain molecules in glioma([@bb0055]; [@bb0140]; [@bb0215]), the measurement of specific neurotransmitters, like glutamate is limited([@bb0105]; [@bb0205]). MRS at 7 Tesla (7 T) provides an alternative to quantify tumour and peritumoural glutamate with the potential to overcome limitations at 3 T. In healthy volunteer studies, 7 T MRS offers precise detection of multiple individual metabolites, including resolution of individual glutamine and glutamate peaks([@bb0005]; [@bb0060]; [@bb0160]). In a single 7 T study of 29 glioma patients, glutamate was elevated in the lesion compared with normal appearing white matter([@bb0135]). However, beyond this, there is limited literature examining glutamate measurement with 7 T MRS in brain tumours([@bb0135]), with no studies exploring the peritumoural region nor correlating 7 T MRS metabolites with clinical variables.

Glutamate chemical exchange saturation transfer (GluCEST) imaging, offers an alternative and potentially superior technique for high resolution non-invasive glutamate measurement in humans utilising CEST technology([@bb0025], [@bb0030]). The CEST technique relies upon a solute pool (i.e. glutamate) with exchangeable protons (e.g. amine groups) and a larger solvent pool, consisting of water. As repeated RF saturation pulses are applied at the resonant frequency of the solute, saturated solute protons exchange with unsaturated solvent protons, eventually resulting in a decrease in water signal. The difference in water signal with and without saturation at the frequency of the solute resonance can then be measured([@bb0025]) as the CEST effect. There is a linear relationship between GluCEST contrast and glutamate, and GluCEST contrast has greater sensitivity for quantifying glutamate than MRS([@bb0025]). Importantly, and as an additional differentiator from MRS, glutamine does not contribute to the GluCEST effect([@bb0025]). To date GluCEST imaging has been used to quantify glutamate in the spinal cord of healthy volunteers([@bb0125]), patients with mesial temporal lobe epilepsy([@bb0080]) and individuals on the psychosis spectrum([@bb0220]). However, this technique has not yet been applied in those with brain tumours.

In this study, we aimed to test the feasibility of applying the magnetic resonance imaging methods GluCEST and single voxel MRS at 7 Telsa to patients with grade II-III diffuse gliomas with and without epilepsy. Within this small pilot study we also explored the following primary hypotheses: i) tumour GluCEST contrast would be increased in patients with clinical variables linked to tumour progression, ii) peritumoural GluCEST contrast would be increased in patients with clinical variables linked to epilepsy and iii) tumour and peritumoural GluCEST contrast would correlate with MRS glutamate concentration. To test this, we quantified glutamate in the tumour and peritumoural regions and correlated GluCEST contrast and MRS metabolite concentrations in corresponding regions of interest. We also distinguished distinct patterns of GluCEST contrast and correlated these patterns with clinico-pathological variables.

2. Materials and methods {#s0010}
========================

2.1. Recruitment {#s0015}
----------------

Patients were recruited from the Royal Melbourne Hospital and Melbourne Private Hospital during 2017. Inclusion criteria were: i) 18--65 years, ii) radiological or histological diagnosis of a grade II-III supratentorial diffuse glioma. Patients were excluded if there was a contraindication to 7 T MRI.

At the time of recruitment there was limited available evidence on the safety of 7 T imaging in patients with post-craniotomy metalware in-situ, given the added potential for B0 artefact secondary to post-craniotomy metalware and the expected heterogeneity among a post-resection population, patients were excluded if they had undergone a previous craniotomy and resection. Therefore, only patients who were pre-operative or had only undergone a biopsy were included.

This study protocol was approved by the Melbourne Health Human Research and Ethics Committee (HREC 2006.199).

2.2. Clinical, pathological and radiological data collection {#s0020}
------------------------------------------------------------

Clinico-pathological data were collected from medical records and patient history. WHO glioma classification was based upon the current version of the WHO classification of Tumours of the Central Nervous System([@bb0145]). Additional radiological features were recorded from the 3 T clinical MRI obtained at the closest time point to 7 T MRI acquisition.

Radiological progression and the use of any adjuvant therapy between radiological diagnosis and 7 T GluCEST were used as separate surrogates for tumour progression and therefore glioma aggressiveness. Both are modified from well-established oncological treatment trial endpoints 'time to progression' and 'time to next intervention'. These were utilised given the absence of prospective follow-up from 7 T MRI.

2.3. Anti-epileptic drug use {#s0025}
----------------------------

Decisions regarding anti-epileptic drug (AED) prescription and dose adjustments were made by the patient\'s treating physician. Typically, patients were prescribed their first AED after either first pre-operative seizure or peri-operatively as prophylaxis. Post-operative AED dose adjustments were based on clinical response and adverse effects. AED and doses at the time of 7 T imaging were recorded.

2.4. Seizure history {#s0030}
--------------------

Seizure history was taken by an epileptologist (AN) prior to 7 T MRI. Seizures were characterised as focal aware seizure, focal impaired awareness seizure and focal to bilateral tonic-clonic seizure([@bb0095]). Seizure frequency (seizures per month) was ascertained by retrospective patient report over the month prior to 7 T MRI. The number of seizure free months prior to 7 T MRI was also calculated; for those without seizure this was taken from the date of presenting symptom.

Tumour Associated Epilepsy (TAE) was defined as one or more seizures attributed to a tumour. Drug resistant epilepsy was defined as failure of adequate trials of two tolerated and appropriately chosen and used AED schedules (as monotherapy or combination) to achieve sustained seizure freedom in keeping with the International League Against Epilepsy definition([@bb0130]).

2.5. Clinico-pathological variables {#s0035}
-----------------------------------

Five clinico-pathological variables were derived from the extracted baseline information and imaging outcomes were compared across these outcomes: i) Tumour associated epilepsy, ii) One or more seizures in the month prior to 7 T MRI iii) Drug resistant epilepsy, iv) Radiological progression between diagnosis and 7 T MRI and v) Any prior adjuvant therapy between diagnosis and 7 T MRI.

2.6. 7 T MRI acquisition {#s0040}
------------------------

All images were acquired on a Siemens Magnetom 7 T MRI Scanner using a 32-channel head coil optimized for parallel imaging. The imaging protocol included: i) localizer, ii) B~1~ Map Sagittal 1 Slice, iii) T~1~-weighted anatomical 3D magnetization prepared rapid gradient echo (MP2RAGE) images of whole brain: 192 sagittal slices, TR = 4900 ms, TE = 2.94 ms, TI = 700/2700 ms, α = 5/6°, resolution = 0.9 × 0.9 × 0.9 mm^3^, image matrix = 256 × 256, FOV = 230, Bandwidth 240 Hz/pixel, Acquisition time = 5:54 mins, iv) Partial brain T~2~ axial Flair slices imaging the tumour region was performed in patients 7--10: 30 slices, TR = 9000 ms, TE = 97 ms, TI =2600 ms, α = 135°, Slice thickness = 3 mm, resolution = 1.03 mm × 1.03 mm × 3 mm, image matrix = 180 × 224, FOV = 230, Bandwidth = 272 Hz/pixel, ETL = 8, Acquisition time = 2:44 mins.

Prior to 7 T MRI, the most recent standard of care 3 T MRI was reviewed with a neuroradiologist (PD). Three annotations were made corresponding to: i) axial GluCEST acquisition slab location, ii) peritumoural MRS voxel location and iii) tumoural MRS voxel location. The axial GluCEST acquisition slab location was prescribed as the axial slice with the largest diameter of the FLAIR hyperintense lesion that was outside regions expected to contribute significantly to B0 artefact, e.g. haemorrhagic tissue, surgical plates, ethmoid sinuses and base of skull.

Annotated 3 T images were also reviewed real-time and parallel to 7 T acquired images. The location of axial GluCEST acquisition slab was determined by visually comparing 3T axial, coronal and sagittal images by researchers (AN, RG, PD). For the 2D GluCEST imaging, the parameters were: slice thickness = 5 mm, flip angle = 10°, band-width = 560 Hz/pixel, in-plane resolution = 0.8 × 0.8mm^2^, matrix size = 208 × 256, GRE read out TR = 6.2 ms, TE = 3 ms, shot TR = 10,000 ms, shots per slice = 2, averages = 2, with a 800 ms long saturation pulse train (series of 96-ms Hanning windowed saturation pulses with a 4 ms inter-pulse delay (100 ms pulse train)) at B~1rms~ = 3.06μT. Raw CEST images were acquired at varying saturation offset frequencies from ±1.8 to ±4.2 ppm (relative to water reference) with a step-size of ±0.3 ppm. Additionally, ±20 and ± 100 ppm raw CEST images were also acquired. To compute the B~0~ map, GRE images were collected at two echo times (TE1 = 4.24 ms; TE2 = 5.26 ms). To compute the B~1~ map, two images were obtained using square preparation pulses with flip angles 30 and 60°. Total scan time for the acquisition of B~0~, B~1~ and CEST images were \~20 min.

MRS was performed in tumour and peritumoural tissue with a 15 mm × 15 mm × 15 mm voxel within the 5 mm thick GluCEST slab. Voxel location was determined by visually comparing the annotated 3 T axial, coronal and sagittal images by researchers (AN, RG, PD). The peritumoural MRS voxel location was chosen based upon the following criteria: i) being at the border of the T~2~ FLAIR hyperintense lesion, ii) in the same plane as the axial slice with largest tumour diameter iii) including grey matter, iv) outside of brain regions expected to contribute to significant spectroscopy artefact. The tumour MRS voxel location was chosen based upon the following criteria: i) within FLAIR hyperintense lesion, ii) in the same plane as the axial slice with largest tumour diameter and if possible, iii) outside haemorrhagic or necrotic tissue. The following imaging protocol was performed: i) STEAM, TR = 8500 ms, TE = 6 ms, TM = 32 ms, α = 90°, OVS on, Only RF off = 8 averages, scan time = 1:42 mins, ii) STEAM, TR = 8500 ms, TE = 6 ms, TM = 32 ms, α = 90°, OVS on, VAPOR Water Suppressed = 32 averages, scan time = 5:06 mins.

2.7. Imaging post-processing {#s0045}
----------------------------

### 2.7.1. GluCEST {#s0050}

CEST images obtained from ±1.8 to ±4.2 ppm were interpolated using the cubic spline method to generate images with a fine step-size of 0.005 ppm. B~0~-corrected CEST images at ±3 ppm were generated from the interpolated CEST images by picking signals according to the frequency shift in the B~0~ map. The B~0~-corrected ±3 ppm images were then used for computing the percentage GluCEST contrast, which is equal to 100 X ((M~-3ppm~ -- M~+3ppm~)/M~-3ppm~), where M~-3ppm~ and M~+3ppm~ are B~0~-corrected images saturated at −3 ppm and + 3 ppm respectively, with respect to water^40^. B~1~ inhomogeneity artifacts in B~0~-corrected GluCEST maps were removed using B~1~ calibration curves as reported([@bb0235]) to get the B~0/~B~1~ corrected GluCEST map which was then used for further analysis.

ITK-SNAP([@bb0290]) software was used to co-register the post-processed axial GluCEST corrected image to the axial FLAIR. FLAIR images were re-formatted to 5 mm thick slices to align with the GluCEST slab. In 7 cases a FLAIR sequence was either not performed, or too artefact degraded and in these cases MP2RAGE T1 sequence was used. In the axial GluCEST acquisition slab plane, a region of interest (ROI) was drawn around the hyperintense lesion (FLAIR or inverted T1) by AN and independently verified by neuroradiologist PD. Inverted MP2RAGE T1 images were correlated with 3 T FLAIR to ensure an accurate tumour ROI was identified. Tumour volume was quantified with ITK-SNAP.

Within the co-registered image, ROIs were also drawn around:i)1 cm diameter rim around the hyperintense lesion corresponding to peritumoural tissue.ii)Normal appearing brain in the contralateral hemisphere approximating a symmetrical mirror image of the tumour ROI. The proportion of grey/white matter involved in tumour was replicated in the contralateral hemisphere ROI. Cerebral spinal fluid (CSF) was excluded from the ROI. This ROI is defined as 'contralateral unaffected ROI-T\'.iii)1 cm diameter rim around contralateral normal appearing brain ROI (see ii above), approximating a mirror image of the peritumoural ROI. CSF was excluded from the ROI. This ROI is defined as 'contralateral unaffected ROI-P\'.iv)15 mm × 15 mm region corresponding to peritumoural MRS voxel andv)15 mm × 15 mm region corresponding to tumour MRS voxel ([Fig. 1](#f0005){ref-type="fig"}).Fig. 17 T imaging protocol.Flow diagram describing imaging pipeline, regions of interest and magnetic resonant spectrum output. (A) 3 T axial image with the largest diameter of the FLAIR hyperintense lesion identified before 7 T MRI. Corresponding 7 T axial slice (axial GluCEST acquisition slab) determined with real-time visual comparison of 3 T and 7 T MRI. 5 mm GluCEST imaging performed at the GluCEST acquisition slab location. MRS performed in tumour and peritumoural tissue with a 15mm × 15mm × 15 mm voxel within the 5 mm thick GluCEST slab. (B) Regions of interest (ROI) drawn corresponding to i) tumour MRS voxel and peritumoural MRS voxel ii) tumour, iii) 1 cm rim around tumour border (peritumoural), iv) normal appearing brain in the contralateral hemisphere approximating a mirror image of the tumour ROI (contralateral unaffected ROI-T) and v) 1 cm rim around contralateral tumour ROI (contralateral unaffected ROI-P). Note, GluCEST contrast colour scheme adjusted from standard in this figure to allow better visualisation of ROIs. (C) Example of a magnetic resonance spectrum with the individual glutamate spectrum, outlined in red, showing three glutamate distinct peaks. Cr = creatine; Glu = glutamate; GPC = glycerophosphorylcholine; Ins = myo-inositol; NAA = *N*-acetyl aspartate; PCr = phosphocreatine.Fig. 1

GluCEST contrast intensity was averaged in all respective ROIs and quantified as mean % contrast intensity. As GluCEST contrast is not an absolute value, and given that GluCEST contrast and glutamate concentration is known to quantitatively vary according to lobe and between white matter, neocortex and subcortical structures ([@bb0030]; [@bb0220]), a GluCEST contrast ratio was calculated for tumour (tumour ROI/\'contralateral unaffected ROI-T\') and peritumoural (peritumoural ROI/\'contralateral unaffected ROI-P\') regions to allow comparison of these regions between patients.

To confirm this ratio was the most appropriate GluCEST variable to use, we calculated the co-efficient of variance for percent ROI contrast intensity using three tumour and peritumoural ratios: ROI/contralateral unaffected ROI, ROI/whole brain in axial slice and ROI/contralateral hemisphere in axial slice. For tumour ROI the lowest coefficient (and therefore, least variance) was observed with ROI/contralateral unaffected ROI, supporting its selection (respective coefficients of variance 21%, 18%, 19% and 22%). For peritumoural ROI, coefficients were similar (respective coefficients of variance (8%, 9%, 8%, 8%).

### 2.7.2. GluCEST and gadolinium enhanced T~1~ weighted images {#s0055}

ITK-SNAP([@bb0290]) software was used to co-register the post-processed axial GluCEST corrected image to the 3T T~1~ weighted images with and without gadolinium contrast. A ROI was expertly drawn around tumour displaying contrast enhancement within the co-registered GluCEST acquisition slab, this was defined as 'gadolinium enhancing tumour ROI'. GluCEST contrast intensity was averaged in this ROI and given as mean % contrast intensity. A GluCEST contrast ratio was calculated by dividing this ROI by the GluCEST contrast intensity in the 'contralateral unaffected ROI-T\'.

### 2.7.3. Qualitative GluCEST analysis {#s0060}

GluCEST maps were standardised for presentation in keeping with previous GluCEST manuscripts([@bb0030]; [@bb0080]). GluCEST images for each patient were visually inspected and described qualitatively. Where possible, images were categorised into distinct patterns determined post-hoc.

### 2.7.4. MRS {#s0065}

All spectra were analysed using LCModel™([@bb0200]). 16 MRS metabolites of interest were examined: alanine (Ala), aspartate (Asp), creatine (Cr), phosphocreatine (PCr), gamma-aminobutyric acid (GABA), glycine (Glc), glutamine (Gln), glutamate (Glu), glycerophosphorylcholine (GPC), glutathione (GSH), phosphocholine (PCh), myo-inositol (Ins), lactate (Lac), *N*-acetyl-asparate (NAA).

Only spectra with Cramer-Rao lower bound (CRLB) ratios \<20% were retained for analysis. If the CRLB for a given metabolite was \>20% in \>50% of cases, this metabolite was excluded from analysis. The spectroscopic value given for each metabolite was calculated by: metabolite/Cr + PCr. Creatine was used as an internal reference given is often unchanged or only modestly decreased in astrocytomas as compared to normal brain([@bb0140]) and PCr was included to provide total creatine normalisation. To account for a variable proportion of grey-white matter in each peritumoural voxel, the grey-white fraction was calculated using the 7T T1 structural images. This fraction was multiplied by the respective spectroscopic value to obtain the final corrected peritumoural MRS value for each metabolite.

2.8. Primary and secondary hypotheses {#s0070}
-------------------------------------

The three joint primary hypotheses were that: i) tumour GluCEST contrast correlates with glioma aggressiveness (prior radiology progression, prior adjuvant therapy), ii) peritumoural GluCEST contrast correlates with seizures (any glioma associated seizures, seizures within prior month and/or drug refractory seizures) and iii) GluCEST contrast correlates with MRS glutamate within tumour and peritumoural voxels. The secondary hypotheses were that i) tumour GluCEST contrast correlates with seizures, and histology (oligodendroglial vs astrocytoma), ii) peritumoural GluCEST contrast correlates with tumour aggressiveness and histology, iii) the GluCEST contrast patterns are associated with clinical variables, iv) MRS metabolites (other than glutamate) correlate with GluCEST contrast within tumour and peritumoural voxels, and v) GluCEST contrast within tumour and peritumoural ROIs are greater than the respective contralateral unaffected ROI.

2.9. Data analysis and availability {#s0075}
-----------------------------------

### 2.9.1. Statistical analysis {#s0080}

A Kolmogorov-Smirnov Test was performed to test if continuous variables were normally distributed. Paired *T*-Tests compared GluCEST contrast between ipsilateral ROI and corresponding contralateral unaffected ROI for both tumour and peritumoural regions. Independent *t*-tests compared the means of GluCEST contrast intensity ratios with the chosen five clinico-pathological variables. GluCEST contrast intensity from tumour and peritumoural voxels were correlated with respective MRS metabolite concentrations with Pearson\'s correlation. Fisher\'s exact test was utilised to analyse the relationship between the five clinico-pathological endpoints and the GluCEST contrast patterns. Normally distributed continuous variables are presented as mean +/− SD, while non-parametric continuous variables are presented as median \[interquartile range (IQR)\]. A p value of \<0.05 was chosen to represent a significant result for the investigation of primary hypotheses. For all secondary hypotheses, Bonferroni-corrected p-values were used to adjust for multiple comparisons ([Supplementary Table 1](#ec0015){ref-type="supplementary-material"}). All statistical analyses were performed with SPSS - version 24 (SPSS Inc., Chicago, IL).

### 2.9.2. Data availability {#s0085}

The deidentified dataset, including all MRS and GluCEST ROI values will be shared following reasonable request from any qualified investigator.

3. Results {#s0090}
==========

3.1. Baseline characteristics of the participants {#s0095}
-------------------------------------------------

Ten patients with supratentorial diffuse gliomas were recruited for the study. Baseline characteristics of the patients are described in [Table 1](#t0005){ref-type="table"}. Individual patient characteristics are provided in supplementary material ([Supplementary Table 2](#ec0020){ref-type="supplementary-material"}). 3 T and 7T images for each patient within the axial GluCEST plane including all ROIs are presented in the supplementary figures ([Supplementary Fig. 1](#ec0005){ref-type="supplementary-material"}). All patients had a radiological diagnosis of diffuse glioma. Nine had a histological diagnosis of diffuse glioma; one participant had not undergone an operation at the completion of the study.

Seizure was the most common presenting symptom occurring in 70% of patients. The tumour was discovered incidentally in 2 patients and following presyncope in 1 patient. The mean number of seizures in the month preceding 7 T MRI was 4.0 \[range 0--30\]. There was a median of 22 days \[IQR 5.5--321.5 days\] between 7 T MRI and either last seizure or diagnosis. Only two patients had seizures within 24 h of 7 T and both experienced brief focal seizures with retained awareness. All patients had received a standard of care 3 T MRI prior to 7 T imaging, with a median of 2.0 months \[IQR 1.1--4.8\] between MRIs. The presence of tumour associated epilepsy, seizures within the month prior to 7 T and drug resistant epilepsy were all not associated with tumour volume (p = .607, p = .712, p = .430 respectively).Table 1Baseline characteristics.Table 1Variablen (%)Sex (female)1 (10.0)Age at presenting symptom35.8 +/− 8.4 yearsAge at 7T imaging38.8 +/− 8.0 years  Biopsy−Before 7T MRI6 (60.0)−Following 7T MRI3 (30.0)−No operation1 (10.0)  WHO histo-molecular classification−Diffuse astrocytoma IDH-mutant4 (40.0)−Diffuse astrocytoma IDH wildtype1 (10.0)−Oligodendroglioma IDH-mutant, 1p/19q co-deleted3 (30.0)−Anaplastic oligodendroglioma IDH-mutant, 1p/19q codeleted1 (10.0)−No operation performed1 (10.0)  Side of tumour−Left4 (40.0)−Right6 (60.0)  Location−Frontal1 (10.0)−Fronto-parietal4 (40.0)−Fronto-temporal3 (30.0)−Parieto-occipital2 (20.0)First symptom to 7T MRI (months)10.6 \[6.8--77.1\]Any tumour associated seizure8 (80.0)  Seizure types (% of patients with each seizure type)−FAS5 (50.0)−FIAS5 (50.0)−FBTCS4 (40.0)  Seizure free in month prior to 7T MRI4 (40.0)AED therapy at GluCEST8 (80.0)  No of prior AED−02 (20.0)−15 (50.0)−3+3 (30.0)Radiology tumour progression (Dx to 7T MRI)6 (60.0)Drug resistant epilepsy2 (20.0)Prior radiotherapy3 (30.0)Prior chemotherapy3 (30.0)Any adjuvant treatment4 (40.0)[^2]

Four patients had received adjuvant treatment between diagnosis and 7 T MRI, with only one participant having current treatment (temozolamide) at the time of imaging. Two patients were receiving the antiepileptic drug, perampanel, an AMPA glutamate receptor antagonist, at the time of 7 T MRI.

### 3.1.1. Baseline imaging meta-data {#s0100}

The mean total scan time was 1 h 15 min (range 1 h 6 min -- 1 h 34 min). Mean GluCEST scan time was 24 min (range 22 min -- 33 min) and mean MRS scan time was 21 min (range 15 min -- 42 min). All 10 patients tolerated the protocol and no scans needed to be aborted. MRS was too artefact degraded in one participant to be analysed (patient 1) and for technical reasons regarding data acquisition GluCEST post-processing was not successful in one patient with biopsy-related calvarial metal clips leading to artefact on B0 maps (patient 10; [Supplementary Fig. 2](#ec0010){ref-type="supplementary-material"}). Therefore 9 GluCEST and MRS datasets were available for analysis.

A total of 14 MRS metabolites were analysed in each tumour and peritumoural voxel in 9 patients, resulting in 252 metabolite results. Of these, 223 results (88.5%) of results met our prespecified Cramer-Rao lower bound (CRLB) criteria to be analysed. For glutamate, 9/9 (100%) peritumoural glutamate MRS results and 8/9 (88.9%) tumour glutamate MRS results met criteria to be analysed.

3.2. GluCEST contrast is associated with clinical glioma phenotypes {#s0105}
-------------------------------------------------------------------

The GluCEST contrast tumour ratio was 0.92 +/− 0.17 (range 0.66--1.16) and GluCEST contrast peritumoural ratio 0.99 +/− 0.09 (range 0.88--1.12) The wide range of ratios indicating that GluCEST contrast intensities were not consistent across the sample (see [Section 3.2.4](#s0120){ref-type="sec"}).

GluCEST contrast both within and around the tumour was compared across the 5 clinicopathological variables ([Table 2](#t0010){ref-type="table"}, [Table 3](#t0015){ref-type="table"}). Tumour GluCEST contrast was significantly higher in patients who had received prior adjuvant therapy between diagnosis and 7 T MRI (p = .001). The median time to adjuvant therapy in these patients was 18 months \[IQR 5--41 months\].Table 2GluCEST contrast ratios in tumour region according to clinical variables.Table 2Clinical variable (n = subjects with variable present/absent)Tumour GluCEST contrast intensity ratio in patients with clinical variable[a](#tf0005){ref-type="table-fn"}Tumour GluCEST contrast intensity ratio in patients without clinical variable[a](#tf0005){ref-type="table-fn"}P valueTAE (n = 7/2)0.95 +/− 0.190.83 +/− 0.10\>0.99[⁎](#tf0010){ref-type="table-fn"}Seizure in month prior to 7 T acquisition (n = 5/4)0.94 +/− 0.160.91 +/− 0.20\>0.99[⁎](#tf0010){ref-type="table-fn"}DRE (n = 2/7)1.11 +/− 0.070.87 +/− 0.150.438[⁎](#tf0010){ref-type="table-fn"}Radiological Progression since Dx (n = 6/3)0.99 +/− 0.160.79 +/− 0.120.103Any adjuvant therapy (n = 4/5)1.08 +/− 0.080.79 +/− 0.090.001[^3][^4][^5]Table 3GluCEST contrast ratios in peritumoural region according to clinical variables.Table 3Clinical variable (n = subjects with variable present/absent)Peritumoural GluCEST contrast intensity ratio in patients with clinical variable[a](#tf0015){ref-type="table-fn"}Peritumoural GluCEST contrast intensity ratio in patients without clinical variable[a](#tf0015){ref-type="table-fn"}P valueTAE (n = 7/2)1.02 +/− 0.090.90 +/− 0.000.115Seizure in month prior to 7 T acquisition (n = 5/4)1.04 +/− 0.750.93 +/− 0.060.038DRE (n = 2/7)1.07 +/− 0.000.97 +/− 0.090.029Radiological Progression since Dx (n = 6/3)0.98 +/− 0.081.02 +/− 0.11\>0.99[⁎](#tf0020){ref-type="table-fn"}Any adjuvant therapy (n = 4/5)1.01 +/− 0.090.98 +/− 0.10\>0.99[⁎](#tf0020){ref-type="table-fn"}[^6][^7][^8]

Peritumoural GluCEST contrast was significantly higher in patients who had at least one seizure in the month prior to 7 T MRI as compared to those seizure free in the prior month (p \< .04) and was higher in those with drug resistant epilepsy (p \< .03).

GluCEST contrast was compared between patients with an oligodendroglial histology (n = 3) and those with astrocytoma (n = 4). Tumour GluCEST contrast was higher in patients with oligodendroglial histology (1.2 +/− 0.5 vs 0.85 +/− 0.1, corrected p value = .048). Peritumoural GluCEST contrast did not differ based on histology (corrected p value ≥.99). There were insufficient IDH wildtype tumours (n = 1) for an analysis based upon IDH status.

3.3. GluCEST contrast correlates with gadolinium enhancing tumour {#s0110}
-----------------------------------------------------------------

One patient with a radiological diagnosis of diffuse glioma had definite gadolinium enhancing tumour on co-registered 3 T-T1 weighted imaging within the axial GluCEST acquisition slab ([Fig. 2](#f0010){ref-type="fig"}). GluCEST contrast intensity ratio of the contrast enhancing tumour ROI was 1.89. Qualitatively, gadolinium enhancing tumour overlapped with regions of increased GluCEST contrast. However, the area of increased GluCEST appeared to extend beyond that which contrast enhanced and even into the peritumoural region.Fig. 2GluCEST Contrast and gadolinium enhancing tumour.FLAIR, T~1~ weighted imaging with and without contrast and co-registered GluCEST imaging are presented for patient 4. WHO grade II oligodendroglioma IDH-mutant, 1p/19q codeleted, subsequent radiological progression and adjuvant therapy (temozolamide, radiotherapy). (A) 3 T FLAIR images in the axial GluCEST acquisition plane, tumour identified by white arrows. (B) 3 T T1 weighted images without gadolinium contrast in the axial GluCEST acquisition plane. (C) 3 T T1 weighted images with gadolinium contrast in the axial GluCEST acquisition plane with evidence of nodular, wispy mesial contrast enhancement (red arrows). (D) 3 T T1 weighted images with gadolinium co-registered with GluCEST contrast maps. Increased GluCEST contrast in a region overlapping, but extending beyond the area of gadolinium enhancement (black arrows).Fig. 2

3.4. GluCEST contrast correlates with peritumoural MRS glutamate {#s0115}
----------------------------------------------------------------

Within the tumour and peritumoural voxels, GluCEST contrast intensities were correlated with MRS metabolite concentrations ([Supplementary Table 3](#ec0025){ref-type="supplementary-material"}). All 8 patients with both MRS and GluCEST data were included in this analysis. There was a significant positive correlation in the peritumoural voxel between MRS glutamate and GluCEST contrast (*R* = 0.89, p = .003) and a positive trend in the tumour voxel (*R* = 0.65, p = .113). There were no significant correlations between all other MRS metabolites and GluCEST within tumour and peritumoural voxels.

3.5. Patterns of GluCEST are associated with distinct clinical and radiological features {#s0120}
----------------------------------------------------------------------------------------

Following the review of clinical and imaging data, two distinct GluCEST patterns emerged within the cohort: i) tumours with relatively homogenous low GluCEST contrast and ii) tumours with heterogenous regions of elevated GluCEST contrast.

### 3.5.1. Diffuse gliomas with low GluCEST contrast {#s0125}

Four patients (patients 2, 3, 8, 9) had GluCEST imaging characterised by widespread reduced GluCEST contrast ([Fig. 3](#f0015){ref-type="fig"}). Tumour GluCEST contrast was often markedly lower than most other grey and white matter regions within the axial slice. Although some patients had small sutble regions of slightly increased GluCEST contrast, the predominant pattern was of reduced tumour GluCEST contrast. The GluCEST contrast tumour and peritumour ratios were 0.82 +/− 0.09 and 1.06 +/− 0.11 respectively, reflecting significantly lower GluCEST contrast in tumour compared with corresponding contralateral hemisphere ROI (p = .032) while peritumoural regions were similar between regions of interest (p = .822).Fig. 3Diffuse gliomas with low GluCEST contrast.FLAIR and T~1~ weighted images coregistered with GluCEST sequences revealing low tumour GluCEST contrast. (A--D) 37 year-old, seizure-free man with WHO grade II diffuse astrocytoma IDH-mutant (patient 3). No adjuvant therapy prior to 7 T MRI. (E--H) 30 year-old gentleman with tumour associated epilepsy, WHO grade II Diffuse astrocytoma IDH-mutant (patient 8). No adjuvant therapy prior to 7 T MRI. (A/E) = 3 T axial FLAIR (tumour identified by white arrows); (B/F) = 7 T axial T1 weighted imaging (tumour identified by white arrows); (C/G) = GluCEST contrast map (tumour identified by black arrows); (D) = Co-registered T1 and GluCEST (tumour identified by arrow heads); (H) = Co-registered FLAIR and GluCEST (tumour identified by arrow heads).Fig. 3

No definite regions of contrast enhancement were seen within the axial GluCEST acquisition slice location of these four patients. Of note, patient 9, who was included in this group, was the only patient in the cohort with a histological diagnosis of a grade III glioma (anaplastic oligodendroglioma IDH-mutant, 1p/19q codeleted).

### 3.5.2. Diffuse gliomas with heterogenous GluCEST contrast {#s0130}

Five patients with radiological diagnoses of diffuse glioma had heterogenous tumour GluCEST contrast (patients 1, 4, 5, 6, 7). Mean GluCEST contrast tumour and peritumoural ratios were 1.05 +/− 0.24 and 0.99 +/− 0.03 respectively. The GluCEST contrast within ipsilateral and contralateral ROIs were not significantly different within tumour (p = .474) and peritumoural (p = .654) regions.

Three patients (patients 1, 5, 6) had subtle, patchy areas of moderately increased GluCEST contrast. However, two patients (4, 7) with this heterogenous pattern, displayed striking focal regions of increased GluCEST contrast ([Fig. 4](#f0020){ref-type="fig"}). Both patients had tumours which had undergone radiological progression and had received adjuvant therapy (patient 7, chemotherapy; patient 4 radiotherapy and concurrent temozolamide).Fig. 4Tumours with heterogenous increased GluCEST contrast.FLAIR and T~1~ weighted images coregistered with GluCEST sequences revealing heterogenous increased tumour GluCEST contrast. (A--D) 33 year-old male, oligodendroglioma IDH-mutant, 1p/19q co-deleted at diagnosis, radiological progression of tumour and treatment with chemoradiotherapy prior to 7 T MRI (patient 4). (E--H) 55 year-old woman, oligodendroglioma IDH-mutant, 1p/19q co-deleted at diagnosis, radiological progression and treatment with chemotherapy prior to 7 T MRI (patient 7). (A) = 3 T axial FLAIR (tumour identified by white arrows); (E) = 7 T axial FLAIR (tumour identified by white arrows; (B/F) = 7 T axial T1 weighted imaging (tumour identified by white arrows); (C/G) = GluCEST contrast map (tumour identified by black arrows); (D/H) = Co-registered T1 and GluCEST (tumour identified by arrow heads).Fig. 4

Patient 4 had a small region of contrast enhancing tumour within the GluCEST plane, as described above ([Fig. 2](#f0010){ref-type="fig"}). Overall, across patients with this heterogenous pattern, GluCEST contrast was disproportionally increased relative to the degree (or lack thereof) of gadolinium enhancing tumour.

#### Case vignette {#s0135}

Patient 4 ([Fig. 4](#f0020){ref-type="fig"}, *E*-H) was diagnosed with a WHO grade II oligodendroglioma IDH-mutant, 1p/19q codeleted following a pre-operative seizure, 9 years prior to 7 T MRI. He developed drug resistant epilepsy and experienced a marked worsening of seizures in the setting of radiological progression. Three months prior to 7 T MRI, in the setting of further tumour progression, he was experiencing 10--15 focal motor seizures every two weeks. Perampanel, a glutamate (AMPA) receptor antagonist, was commenced and uptitrated to 6 mg daily concurrently with starting temozolamide. Following these therapy changes seizure control improved dramatically and in the subsequent 3 months he averaged one seizure per month.

### 3.5.3. Quantitative comparison of GluCEST contrast patterns {#s0140}

The five clinico-pathological variables were compared between patients with heterogenous and low GluCEST contrast patterns ([Supplementary Table 4](#ec0030){ref-type="supplementary-material"}). Glioma associated epilepsy was present in 100% of heterogenous GluCEST pattern cases, and 50% with low GluCEST. Seizures in the last month were identified in 60% with a heterogenous GluCEST contrast pattern and 50% with low GluCEST contrast. Forty percent patients with heterogenous pattern met criteria for drug refractory epilepsy, although no patients did with a low GluCEST pattern. Despite the small sample size, the heterogenous pattern was associated with greater rates of radiological progression (100% vs 25%, uncorrected p = .048) and prior adjuvant therapy (80% vs 0.0% uncorrected p = .048) although these were not statistically significant after Bonferroni correction.

4. Discussion {#s0145}
=============

Here, we have examined a novel 7 T molecular imaging protocol, encompassing GluCEST and MRS sequences, to quantify glutamate in gliomas. We have shown that 7 T GluCEST imaging of gliomas is feasible and can produce high quality images permitting quantitative and qualitative assessment of molecular profiles. Secondly, we have found that increased tumour GluCEST contrast is associated with features of more aggressive diffuse gliomas, that peritumoural GluCEST contrast correlates with tumour associated seizures and we have distinguished unique GluCEST contrast patterns, with distinct clinical and radiological features.

In our analysis, increased tumour GluCEST contrast was linked to surrogates of more aggressive diffuse gliomas. Tumour GluCEST contrast was greater in those who had undergone prior adjuvant therapy and gadolinium enhancing tumour corresponded topographically with increased GluCEST contrast. Although preliminary, due to the small sample size, patients with a pattern of heterogenous increased GluCEST contrast were more likely to have undergone radiological tumour progression and to have received prior adjuvant treatment. Across our cohort, GluCEST contrast was disproportionally increased relative to gadolinium enhancement, suggesting that it may represent a more sensitive imaging biomarker of diffuse glioma aggressiveness.

Supporting our findings, adaptations to glutamate homeostasis which favour tumour cell survival are well described in gliomas. Extracellular glutamate release is increased in gliomas up to 100 fold compared with normal astrocytes([@bb0270]) ([@bb0275]), a process mediated primarily through SXC (system Xct) glutamate transporter upregulation([@bb0015]; [@bb0150]; [@bb0275]). In murine and in-vitro models, increased glioma growth and invasion have been associated with high SXC expression([@bb0150]; [@bb0225]) and resultant glutamate excitotoxicity([@bb0245]) likely driven by glutamate receptor hyperactivation([@bb0210]). Antagonism of SXC with sulfasalazine([@bb0070]; [@bb0065]; [@bb0150]), genetic silencing of SXC expression([@bb0230]) and blockade of glutamate receptors([@bb0210]; [@bb0270]), can dramatically reduce glutamate concentrations, produce tumours with less aggressive characteristics and prolong survival in rodent models. In humans with glioma, high expression of *SLC7A11*, a gene encoding SXC, is associated with prolonged survival; a benefit postulated to be driven by reduced glutamate-mediated excitotoxicity([@bb0225]).

Glutamate, however, may not be the sole driver of our tumour GluCEST signal. GluCEST contrast at 3 ppm is exquisitely sensitive to changes in pH, with a well appreciated inverse relationship with CEST signal at 3 ppm([@bb0025]; [@bb0120]). Phantom GluCEST studies have shown that GluCEST increases linearly as pH decreases from 8 to 6. Extra-cellular pH within gliomas, is often acidic (6.2--6.9), while intracellular pH is typically alkaline (7.1--7.6)and low pH is felt to favour tumour growth and invasion([@bb0075]; [@bb0100]; [@bb0255]; [@bb0265]). The non-significant correlation between GluCEST and MRS tumour glutamate may reflect both the incomplete overlap of the MRS and GluCEST voxel and the potential contribution of altered pH. Without a direct tissue measurement of glutamate or acidity, the influence of pH is still in question. Taken together, the observed tumour GluCEST signal is likely a product of both pH and glutamate, as such our glutamate-weighted imaging contrast method may prove to be a more predictive biomarker of tumour aggressiveness than either component alone. On the contrary, the peritumoural may not be dominated by pH changes, explaining the significant correlation between GluCEST and MRS peritumoural glutamate. Future studies should incorporate CEST sequences that are either less sensitive to pH([@bb0090]) or that can assess tumour pH([@bb0155]).

The sensitivity of GluCEST for glutamate in tumour tissue has not previously been shown. We expect glutamate to be the predominant molecule contributing to the signal. Previous work has shown approximately 70% of the GluCEST signal to be derived from glutamate in normal brain, with the remaining contribution from creatine, GABA and other macromolecules([@bb0025]). Theoretically these other amines which resonate at 3 ppm may also be contributing to our GluCEST signal, however, we expect their role to be minimal. Although creatine has been implicated in more aggressive rodent models of glioma([@bb0035]), it is generally detected at relatively constant brain concentrations and frequently used as an internal control for MRS analysis. Also, GABA levels are likely to be tightly regulated and to our knowledge there is no literature supporting abnormal levels in glioma. Any additional rigid macromolecules in tumour tissue, while expected to be negligible, would compete with the GluCEST effect and underestimate values([@bb0025]). However, direct tissue quantification of these amines is required to identify the contribution of glutamate to GluCEST contrast in tumour tissue.

The correlation we have found between GluCEST contrast (which quantifies amine transfer) and more aggressive diffuse gliomas is supported by findings previously described with Amide Proton Transfer weighted (APTw) imaging([@bb0250]; [@bb0310]). APTw is a CEST-based molecular imaging technique that can detect endogenous mobile amides in tissue, such as those in the cytoplasm([@bb0010]; [@bb0295], [@bb0300]). APTw has been shown to distinguish tumour recurrence from radiation necrosis in rats([@bb0305]) and further studies will be required to assess if GluCEST can provide a similar role in humans. Compared with APTw, 7 T GluCEST offers the advantage of providing a quantification an individual molecular biomarker, glutamate.

Our second major finding was the association between increased peritumoural GluCEST and both drug resistant epilepsy and seizures in the month prior to 7 T imaging. These findings are consistent with a growing body of evidence implicating elevated peritumoural glutamate in the pathogenesis of tumour associated epilepsy([@bb0015]; [@bb0045]; [@bb0180]; [@bb0225]). We did not find a similar relationship with those experiencing any previous glioma associated seizure, suggesting that peritumoural GluCEST may be a relatively dynamic biomarker of epileptogenicity and therefore seizure risk. Of note, the narrow range of peritumoural GluCEST contrast ratios does question the ability of this method to identify subtle alterations in the peritumoural environment. Further molecular studies which optimise the identification of the epileptogenic peritumoural region are essential if these tools are to be used to guide individualised treatment decisions. There is a clear need for more precision-based therapies for tumour associated epilepsy. Poorly controlled epilepsy occurs in 10--23% of grade II-IV diffuse gliomas([@bb0050]; [@bb0110]; [@bb0190]; [@bb0280]) and the effectiveness of standard AEDs is poorer than in those with non-tumour related epilepsy([@bb0170]). Although further validation is clearly required, GluCEST offers a potential means to identify patients at high risk of seizure, and to help select those who may benefit from directed agents that target the glutamate pathway([@bb0260]).

We were able to delineate distinct patterns of GluCEST contrast among a small cohort. The heterogenous signal observed in several cases reflects the typically heterogenous pattern of tumour progression. In such tumours, quantifying glutamate with single voxel MRS or tissue biopsy would carry a significant risk of sampling bias. The relatively homogeneous low GluCEST contrast in patients without characteristics of aggressive tumours is intriguing. GluCEST signal was often lower than normal appearing brain, suggesting a lack of mobile endogenous amine groups and it is imperative to question the validity of the glutamate signal. False negative 'glutamate' maps may be due to a very alkaline environment or even a high density of tumour cells with low water content limiting the ability to measure a change in water signal.

This was a small, proof of concept study with several important limitations. We utilised only one 5 mm axial GluCEST slice and single voxel MRS, which may not be representative of the entire tumour nor capture the most aggressive or heterogenous regions. It also introduces the problem of partial volume averaging which may have increased the degree of heterogeneity and diluted the GluCEST contrast signal. As this was not a prospectively followed cohort, we could not employ more established markers of tumour aggressiveness, eg overall survival, radiological progression or time to next intervention. Our surrogates for aggressiveness (gadolinium enhancement, previous radiological progression and prior adjuvant therapy) each have their limitations, particularly the impact of individual surgeon and patient preference on the timing of adjuvant therapy and the fact that it may be given upfront without evidence of progression. The peritumoural MRS voxel varied across patients in both location and in proportion of grey/white matter which may have influenced metabolite concentrations. An automated tumour segmentation would have provided a more robust and reproducible selection of the MRS voxels. The internal GluCEST comparison for peritumoural tissue (contralateral unaffected ROI-P) was defined based upon the 'contralateral unaffected ROI-T\', therefore the proportion of grey/white tissue did not always approximate the peritumoural ROI. We narrowed our cohort to those who had only undergone a previous biopsy; further studies in post-operative patients with metalware in-situ will be required to aid in the translation of this technique to a broader patient group.

We have shown that 7 T GluCEST imaging of gliomas can produce high quality images with spatial resolution arguably superior to many existing molecular sequences. Together with the correlation with tumour aggressiveness, this novel sequence has the potential to complement existing advanced imaging techniques. However, given the ability to non-invasively visualise and quantify glutamate, our findings raise the prospect of 7 T GluCEST also being used to select patients for individualised anti-tumour and anti-seizure therapies directed at the glutamate pathway. In fact, our research groups have commenced recruitment for two phase randomised controlled trials examining perampanel in the prevention and control of glioma associated seizures (ACTRN12617000078358, ACTRN12617000073303). Patients will receive pre-operative 7 T glutamate imaging in addition to tissue analysis for measurement of tumour and peri-tumour glutamate concentrations. These trials will aim to answer an important question raised from this current study: can in-vivo imaging with GluCEST at 7 T predict survival and seizures in those with diffuse gliomas and be used to select patients for individualised tumour and seizure therapies.

The following are the supplementary data related to this article.Supplementary Fig. 1Representative images and regions of interest for all patients.Supplementary Fig. 1Supplementary Fig. 2B0 metal artefact for patient 10.Supplementary Fig. 2Supplementary Table 1Secondary hypotheses with Bonferroni Corrected p values.Supplementary Table 1Supplementary Table 2Individual patient characteristics.Supplementary Table 2Supplementary Table 3MRS metabolites vs GluCEST Contrast Intensity within respective tumour and peritumoural voxels.Supplementary Table 3Supplementary Table 4Clinical endpoints according to GluCEST contrast pattern.Supplementary Table 4
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[^2]: Abbreviations: IDH = isocitrate dehydrogenase; FAS = focal aware seizure; FIAS = focal impaired awareness seizure; FBTCS = focal to bilateral tonic-clonic seizure; Dx = diagnosis; MRI = magnetic resonance imaging.

[^3]: TAE = tumour associated epilepsy; Sz = seizure. Dx = diagnosis; DRE = drug resistant epilepsy.

[^4]: Ratio of GluCEST contrast intensity in tumour to 'contralateral unaffected ROI-T\'.

[^5]: Bonferroni corrected p value.

[^6]: TAE = tumour associated epilepsy; Sz = seizure. Dx = diagnosis; DRE = drug resistant epilepsy.

[^7]: Ratio of GluCEST contrast intensity in peritumoural region to 'contralateral unaffected ROI-P\'.

[^8]: Bonferroni corrected p value.
